A multi-temporal SAR interferometry (InSAR) method was applied to a time-series analysis of the period from 1992 -1998 to detect precursor volcanic activity at Baekdusan volcano, located on the border between China and North Korea. Permanent scatterers were selected for stable signal processing to monitor ground motion using the permanent scatterer InSAR (PSIn-SAR) technique, which generated a time-series surface deformation map using the refined small baseline subset (SBAS) InSAR method. The time-series analysis results were verified using a multi-track comparison technique for two different tracks (88/230 and 89/230). The time-series analysis of the two tracks represents an unaltered phase signal (mm scale) with time, except for periods with insufficient interferograms to make a precise time-series surface deformation map due to factors including atmospheric phase delay and other error effects (i.e., those that display a maximum value of the phase difference from -2.14 to +2.64 cm). These phase signals also have the Root Mean Square Error (RMSE) range from 0.32 -2.56 cm. No surface deformation was detected from the Japanese Earth Resources Satellites (JERS-1) synthetic aperture radar (SAR) data collected between 1992 -1998 at the Baekdusan volcano, as monitored using volcanic surface movements with dynamic magma activity. No volcanic eruption precursor signals were demonstrated during the inactive period (1992 -1998) prior to the active period (2002 -2006) of this volcano.
INTRODUCTION
Baekdusan (Changbaishan) Mountain (Fig. 1) is located between China and North Korea on the eastern margin of the Eurasian plate. It is one of the active volcanoes in East Asia and was the site of one of the largest explosive eruptions in the last 2000 years (Kelly and Sear 1984; Rampino and Self 1984; Self 2006; Self et al. 2008) , known as the Millennium eruption, which was the second largest volcanic eruption in history (Hetland et al. 2004; Wei et al. 2013; Xu et al. 2013) . Volcanic ash from this eruption event, which occurred about 1000 years ago, was reported as far away as the northern part of Japan (approximately 1200 km). This large eruption generated a caldera lake ~4.5 km in diameter and nearly 1 km in depth at the summit of the mountain, reflecting a Volcanic Explosivity Index of 7 (Oppenheimer 2011; Wei et al. 2013) . The geological characteristics of the Baekdusan volcano have two types of deposits, pumice fall out and ignimbrite produced by the strongest of the most recent eruptions (Horn and Schmincke 2000; Yin et al. 2012 ). This volcano has been continuously monitored using measuring surface deformation from precise leveling over decades and by the China Earthquake Administration using GPS data since 1999 (Xu et al. 2012) . In particular, the early part of the observation period showed surface displacements by volcanic activity until the middle of the period from 2002 -2006 , which was characterized by surface inflation phenomena. There was no surface deformation from the GPS and precision leveling survey in 2000 -2002 and 2006 -2010 . Those long-term observations were successfully performed during 12 years of surface deformation monitoring. However, supplemental information for the expansion period can improve volcanic activity detection (Lee et al. 2013) . As a result, Baekdusan volcano activity was assessed using Japanese Earth Resources Satellites (JERS-1) synthetic aperture radar (SAR) images from 1992 -1998 before setting up monitoring stations at the Changbaishan Volcano Observatory (CHVO) in 1999. SAR interferometry (InSAR) is a powerful and efficient technique for monitoring surface deformation over a wide area (Massonnet and Feigl 1998), including such deformation over a large remote volcanic area. JERS-1 InSAR measured surface displacements on the Baekdusan volcano inceptively using two-and three-pass InSAR methods without time-series analysis (Kim et al. 2001) . Although the InSAR technique can detect obvious volcanic area deformation during a short time period before and after volcanic activity using a single interferogram (Massonnet et al. 1995; Lu et al. 2000) , multiinterferograms can measure slow deformation by monitoring changes in magma chamber volume using long-term time-series InSAR analysis (Ferretti et al. 2001; Hopper et al. 2004 Hopper et al. , 2007 Chaussard et al. 2013; Lu and Dzurisin 2014) . The Baekdusan volcano showed slow surface deformation of a few centimeters during the active period from 2002 -2006 (Cui et al. 2007 Xu et al. 2012) . Therefore, it is necessary to analyze time-series surface deformation at Baekdusan volcano using appropriate combinations of multiple interferograms before setting up any surveying equipment. For this study a time-series technique was adopted for monitoring long-term surface deformation using the small baseline subset (SBAS) method with JERS-1 SAR data from 1992 -1998, which can detect very slow deformations with sub-centimeter accuracy in two-dimensional planes (Fig. 2) . A multi-track comparison was conducted for verifying the time-series analysis using two different neighboring tracks.
DATA
JERS-1 SAR data were acquired from the Japan Aerospace Exploration Agency (JAXA) to generate a surface deformation map associated with the Baekdusan volcanic activity. For this study SAR data were chosen for every track covering the Baekdusan volcanic area and all available archival data without seasonality and weather conditions. Two datasets showed descending tracks (Fig. 3) between September 1992 and October 1998 surrounding the study location, with two different paths and the same row: 88/230 (Track A) and 89/230 (Track B) ( Table 1) .
METHOD
JERS-1 SAR data (L-band) presents very efficient wavelengths (23.5 cm) for measuring surface deformation (Tobita et al. 1998 ) in a volcanic area covered by heavy vegetation, light snow, or ice (Table 2 ). These 23 JERS-1 SAR data were used to generate 67 interferograms from Track A and 18 SAR data were also used to created 63 interferograms using from Track B ( is the phase due to other noise sources (Berardino et al. 2002) . Of these, the atmospheric effect with altitude on the InSAR image is more diverse than that with flatland according to weather conditions due to the phase delay phenomenon using differences in mountain height (Zebker et al. 1997; Hanssen 2001) . For example, Fig. 4b shows a large phase difference with one of the shortest time periods, whereas Fig. 4g shows a small phase difference with the largest time interval (around 4 years) covering the period in Fig. 4b . Figure 4b represents the atmospheric phase delay effect corresponding to the topographic height in the Baekdusan Mountain area. Moreover, there is no relationship between the time interval of each interferogram and the variation in phase values. In particular, Fig. 4b shows a phase difference opposite that of Fig. 4h using the same slave or master image (29 October 1996) corresponding to the Baekdusan volcano height. This must be an atmospheric phase delay phenomenon relative to topographic height, with different phase signal patterns representing an increase (Fig. 4h) or decrease ( Fig. 4b ) in phase value toward the top of the mountain. Concretely, atmospheric artifacts are limited to a few cm phase delay in the case of flat areas while this contribution can be measured by dozens of cm in areas of relief (Hooper et al. 2012) . The interferograms in Fig. 5 show larger phase changes than do those in Fig. 4 , even though both have similar locations and time interval interferometric pairs. This means that error factors could be included in the phase information with the interferograms shown in Fig. 5 , except for surface deformation, which is primarily relevant for atmospheric effects.
RESULTS

Permanent Scatterers Selection
To accomplish time-series processing using multi-interferograms, it is necessary to insure stable scatterer points Polarization HH Table 2 . Technical specification of JERS-1 SAR data. 
among entire pixels in the interferogram for all images used. Bounced satellite radar signals from permanent scattering points are collected by transmission towers, dams, bridges, rock outcrops, and other natural features consisting of prominent materials. The Baekdusan Mountain area is dominated by persistent natural features rather than artificial structures due to its remote location and distance from urban areas. Permanent scatterer points were extracted for the time-series processing from multiple master images (Zhang et al. 2011 ) using high-coherence pixels in every interferogram, such as the blue color pixels in Fig. 6 .
Time-Series Processing
After selecting the permanent scatterer points the refined SBAS technique (Lee et al. 2010 ) is used to measure the surface displacements with time (Fig. 6) . Only highcoherence interferograms are generally selected for timeseries analysis, as low-quality images for SBAS processing reduce coherent points in the interferogram and also produce incorrect phase information for making continuous time separations. The refined SBAS technique uses highcoherence images along with low-coherence images for a more detailed time-series analysis. This technique improves the surface deformation determination accuracy by reducing error factors such as atmospheric artifacts, topographic errors, unwrapping errors and temporal noise through several iteration procedures (Lee et al. 2013 ). The atmospheric artifacts are reduced specifically by a temporal high-pass and spatial low-pass filtering procedure. Temporal decorrelation effects are mitigated by the finite difference smoothing approach. The orbital error phase bias is corrected using unwrapped residual interferograms calculated from the linear deformation rate (Lee et al. 2010 ). Twenty-five and 12 high-coherence images were selected together with 20 and 6 low-coherence images for each track, respectively (Fig. 7) . Refined SBAS InSAR processing was applied to the Baekdusan volcano region to measure surface deformation using multiple InSAR data with time.
Time-Series Analysis
A mean surface deformation rate map (Fig. 8a) was generated for this large volcanic area using InSAR images taken between 1992 -1998 for Track A (Table 1) . Figure 8a shows similar phase values on every pixel in this map that is sky blue in color, except for some regions located in the western and eastern parts of the Baekdusan volcano that are pale yellow or blue in color. The phase value difference shows a maximum range of about 3 cm in the spatial domain, which is irregularly distributed in mountain and flatland areas and not located within a specific region according to the volcanic activity around the crater. This spatially scattered phase difference differs from the generalized surface deformation of the volcanic region. Thus, in addition to assessing spatial surface deformation, temporal analysis is required to determine more detailed fluctuations with time, including minute changes. Four different points (P1 -4) were selected among the permanent scatterers in the map (Fig. 8a) to measure surface deformation between 1992 -1998. Permanent scatterers around the crater should ideally be chosen to represent dynamic changes in the volcanic area. However, the area at the top of the mountain is usually covered in snow or ice due to the high elevation, creating generally low-coherence regions. Figure 8b -e represents the time-series surface deformation according to each point around the Baekdusan volcano. Point P1 in Fig. 8a shows a phase difference with time near the crater and a clear inflation of about 7 cm between 2002 -2005, as determined by field measurements (Xu et al. 2012) . In contrast, no activity was indicated (Fig. 8b) during the 6 years before the active period (2002 -2006) . This fluctuation in signal is likely due to an atmospheric phase delay effect including other error factors rather than to surface deformation due to volcanic activity. No relationship was determined between the phase difference and surface deformation through spatial and temporal signal analysis. The other three points, P2, 3, and 4 (Figs. 8c -e) , also showed an oscillating signal for time-series between time intervals, with no indication of terrestrial movement. The data was processed for Track B (Table 1) for comparison with the time-series surface deformation analysis results because there are no in situ data with which to compare the refined SBAS result. Figure 9a shows the averaged surface deformation rate map using In-SAR images for Track B after refined SBAS processing. In contrast to Fig. 8a , a blue color here indicates a higher elevation area and a yellow color indicates a low region along a drainage system. This phenomenon can be explained by an atmospheric phase delay effect with the mountain elevation, reflecting the amount of atmospheric phase between the interferograms in Figs. 4 and 5. Permanent scatterers were picked up for measuring time-series surface deformation in accordance with the four points in Fig. 8a . Large atmospheric phase delays also have an effect on time-series refined SBAS processing (Lee et al. 2012) . Therefore, Figs permanent points such as P1 -4. There was no correlation in terms of time-series surface deformation between the two tracks, with a scattered phase-change signal distribution of -2.14 to +2.64 cm without constant inclination from Figs. 10b -e. The best-fit lines (Figs. 10b -e) indicate time-series surface deformation using every time period point and combining the phase signal information of Tracks A and B.
DISCUSSION
Maximum vertical displacements of around 7 cm occurred at Baekdusan Mountain during the so-called "active volcanic period" between 2002 -2006 (Ji et al. 2010 Xu et al. 2012; Ji et al. 2013) . Surface movement measurements before the active period could provide useful insight for detecting impending volcanic activity. JERS-1 SAR data are the only method for detecting such surface deformation because of the lack of leveling or GPS surveys. Other SAR data with a different wavelength (C-band) are not efficient because of the large amount of vegetation and local temporal decorrelation such as ERS-1 and 2. A refined SBAS technique was proposed for multi-temporal InSAR analysis using two different tracks covering the Baekdusan volcanic area. Track A provided 25 high-quality interferograms from 6 years of data collection for generating a time-series analysis map, which is sufficient for refined SBAS processing. Therefore, the phase signal was generally stable with minor fluctuations, which elevated the reliability of the root mean square error range (RMSE) values from 0.32 -2.56 cm in Fig. 8 . Track B was processed with 12 interferograms, which is insufficient to interpret phase information from multitemporal InSAR analysis. The calculated RMS error value was between 0.33 -2.38 cm using nine pixels based on permanent points such as P1 -4 in Fig. 9 . Tracks A and B were compared with each other directly through conversion into a direction vertical to the line of sight. The maximum phase difference between Tracks A and B was measured as about 4 cm on a time-series analysis near the middle of the period with a sparse time interval, whereas the minimum value of the phase difference represents the time around the end of the period with several millimeters using dense spacing between time gaps in Fig. 10 . The best second-order polynomial lines, drawn with Tracks A and B to measure time-series surface deformation from 1992 -1998 revealed slightly curved (Figs. 10b and c) or almost flat (Figs. 10d and e) properties. The time-series surface deformation or phase difference with time over 6 years had a reasonable and stable phase signal with slight fluctuations even though the interferograms showed an atmospheric phase delay phenomenon, including other error factors.
CONCLUSIONS
JERS-1 SAR data Multi-temporal InSAR processing for the Baekdusan volcano was performed to elucidate any precursor volcanic activity phenomena that occurred during the "active period" from 2002 -2006 using leveling survey results. A refined SBAS method was used to generate an average surface deformation rate map for a two-dimensional spatial domain. Based on the permanent scatterers technique, four representative pixels (P1 -4) were selected to measure the time-series surface deformation among the 1268195 persistent scatterers around the Baekdusan volcano area, as shown in Fig. 6 . Point P1 in particular is located near the leveling survey area on the northeastern part of the volcano. A comparison of the multi-temporal InSAR results and field measurement data indicated that this area demonstrated the greatest surface inflation from 2002 -2006 (Xu et al. 2012 Ji et al. 2013 ). This can be verified by comparing the time-series analyses from two different tracks and converting the results into vertical direction displacements. The multi-track InSAR results with time indicated almost no surface deformation over 6 years, even though some phase difference fluctuations were present in the middle of the time domain due to atmospheric phase delay and other error factors, particularly the deficiency of interferogram pairs.
In summary, a refined SBAS time-series analysis using JERS-1 SAR data indicated that the Baekdusan volcano had an inactive period from 1992 -1998 prior to the active period between 2002 -2006 . No precursor signal for the potential eruptive activity of this volcano was detected. Moreover, multi-sensor InSAR analysis can more precisely measure a time-series surface deformation in the Baekdusan volcano area by comparing field future measurement data.
